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ABSTRACT

One suggested mechanism underlying copper (Cu) deficiency teratogenicity is a low availability of nitric oxide (NO), a
signaling molecule which is essential in developmental processes. Increased superoxide anions secondary to decreased
activities of Cu-zinc superoxide dismutase (Cu-Zn SOD) in Cu deficiency can interact with NO to form peroxynitrite,
which can nitrate proteins at tyrosine residues. In addition, peroxynitrite formation can limit NO bioavailability. We pre-
viously reported low NO availability and increased protein nitration in Cu deficient (Cu—) embryos. In the current study,
we tested whether Cu deficiency alters downstream signaling of NO by assessing cyclic GMP (cGMP) and phosphory-
lated vasodilator-stimulating phosphoprotein (VASP) levels, and whether NO supplementation can affect these targets
as well as protein nitration. Gestation day 8.5 embryos from Cu adequate (Cu+ ) or Cu— dams were collected and cultured
in either Cu+ or Cu— media for 48 hr. A subset of embryos was cultured in Cu— media supplemented with a NO donor
(DETA/NONOate; 20 M) and/or Cu-Zn SOD. Cu-/Cu- embryos showed a higher incidence of embryonic and yolk
sac abnormalities, low NO availability, blunted dose-response in NO concentrations to increasing doses of acetylcholine,
low mRNA expression of endothelial nitric oxide synthase (eNOS), increased levels of 3-nitrotyrosine (3-NT) compared
to Cu+ /Cu+ controls. cGMP concentrations tended to be low in Cu—/Cu— embryos, and they were significantly lower in
Cu—/Cu- yolk sacs than in controls. Levels of phosphorylated VASP at serine 239 (P-VASP) were similar in all groups.
NO donor supplementation to the Cu— media ameliorated embryonic and yolk sac abnormalities, and resulted in increased
levels of cGMP without altering levels of P-VASP and 3-NT. Taken together, these data support the concept that Cu de-
ficiency limits NO availability and alters NO/cGMP-dependent signaling in Cu— embryos and yolk sacs, which contributes
to Cu deficiency-induced abnormal development. (Korean J Nutr 2008; 41(8): 691~700)

KEY WORDS : copper deficiency, nitric oxide, oxidative stress, cyclic GMP, phosphorylated vasodilator-stimulating
phosphoprotein.
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48AIZE &_Fe] wjF o] % wljotsl WS- 96-well mi-
croplate?] welle]l A% 200 pL9 Krebs Ringer bi-
carbonate buffer (KRBB, Sigma) 7} 2+2+2] wellef] 7}3H
Fk NOS9| 714981 L-o}=27]d (200 M, Sigma) < NOS
A A A9 N-monomethyl-L-arginine (L-NMMA; 10 mM;
Calbiochem)©] 7}a1%] negative control wellg #|2]3t &
< wellell 7FliA 1, A5 wellol= 2] 23 wiobel Tt
Fol NOS AR obdEdel sl 8] /2 ot
£ 9k doseresponsed HolE=AE Hrsp| & 10
nM~100 mM H<19] epEERe] 7= Sle) 37 CollA
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A Holth A4 e F Adsdo] FHEIA A4 NO
Aol o] &EAY A1 w7k —40°Cel| BaE Ik 40
©L2] AZ5dlo] NO #417] (Sievers Nitric Oxide Analy-
zer 280i, Sievers Instruments, Boulder, CO, USA)¢]
FAE a1, FAtel] galE vanadium (D) chloride (Alfa
Aesar, Ward Hill, MA, USA) & A= AFgste] ¥
NO (nitrate + nitrite + nitrosothiols) 7} 95 CellA S
Qi xFE AL o8 FE9 sodium nitrate (Sigma) &
Fgro =z AGE AL, AlES NO §& Akt ARy
Atk NO &%= nmol NO/mg of embryo or yolk sac
protein® % FA|E 3]tk

Real-time reverse transcriptase-polymerase chain re-
action (RT-PCR)

RNeasy Micro kit (Qiagen, Valencia, CA, USA) S A}
438ko & RNAZF ®22]59lar, 5 ng F RNAZ} cDNA
= vE7] 98] AFEE I RT-PCRS SuperScript 11
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA)
9} TagMan Universal PCR Master Mix (Applied Bio-
systems Inc., Foster City, CA, USA)E A3+ two-
step reaction system .2 83|51, iCycler real-time
PCR system (Bio-Rad, Hercules, CA, USA)e°l <]3f
mRNAS] &o] A3} %1t} Neuronal NOS (nNOS),
inducible NOS (iNOS), eNOS, 18Sel| t3t primer2} Ta-
gMan probet Applied Biosystem 2. Z5E ¢ F At
A& cDNA7Z} A2k negative controle ¥83F & PCR
WS- Al W wkREgIth AREE PCR 248 v 2
tk 50CelA 2%, 95Tl 108, 40 719] denaturation
(95CelA 15%) 3 annealing/extension (60TAA 15).
Threshold cycle (Ct)< iCycler iQ &1 Q3] =
AEa A7 18S cDNA 7] xjo]¢l JCt7h SARE
Alo]] AHg-E o5l Tt

Cyclic GMP

cGMP F5E+= cGMP &4 W9EA kit (Assay Design,
Ann Arbor, MI, USA) & AHg-ste] S35t ASE
il Baj g s JAAE A7HE lysis buffers 71k o
Asst & 4TollA 3027 HAAH L, 302 $ 10,000
X gollA 1527 4 TollA ditelst $ A5 o] 35
At A=M L aeetic anhydride$} triethylamine®] ]3]
o4& 3} 9 31, microplate reader (Wallac Victor2 mic-
roplate reader, PerkinElmer, Waltham, MA, USA) &
AREsto] 405 nmellA FEE7F SAEUTE cGMP 55+
BT TS o] 835t AlAkE A pmol ¢cGMP/mg protein
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Atk A|E9 3-NT 5%+ nitrated bovine serum albu-
min (BSA) & ©]&3t X+ 45 ARgsto] AL, g
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Western blot analysis

wjo} &2 o iy FE9 dMAs 4~20% gra-
dient Tris-HCI SDS-PAGE gelsoll 7] 9-sA17 #8A
71 %, PVDF membrane®] transferA]3th Membranes
Tris-buffered saline/Tween 20 (TBST; 50 mM Tris-
HCI, pH 7.5, 500 mM NaCl, 0.05% Tween 20) ] 5%
TFo f %S 7Fete] "= blocking solutionel] B
7F 1A17F E4F Al2o]] Eol£9l a1, blocking solution A1A
% 3|45 rabbit anti-P-VASP (Ser 239) &4 (Cell Sig-
naling Technology, Danvers, MA, USA) o] ©7} 315
H &<t 4Col FolFsitt

TBSTE A3l membranes 15%
3l & horseradish peroxidase’} ZAgd goat anti-ra-
bbit IgG (Promega, Madision, WI, USA) ¢] &4z} &

&< 39 Al

7 1AIZE 5t FolRglt) 312 A& 5 ECL detection
reagent (Amersham BioSciences Corp., Piscataway,
NJ, USA)E membrane $l¢ 7}&l5=aL 12 WE FhdElr)
B2% Chemidoc XRS gel scanner (Bio-Rad) Z ~7s}
o] densitometry®l & WM=2] 3813 (chemilumine-
scence) AEE A3} th Membrane?] & A%
9 &A= AAs7] el strippingAlZ] & anti-VASP &
A (Cell Signaling Technology) & AFg3te] 9] 4L uk
8319031, o]i= P-VASP western band®] &}8hig s
VASP western band® Z 2.2 normalizationd}7] $3l

AHg-stei

SHEM

A8 o] Aap= SPSS 14.0 RIS o]galo] Fitt
EFoAHE Fatelch BA 9 vk 2] F%, NO do-
nor?} Cu-Zn SODC] H7p7} wjerel w3hdo] v NO
F5E, NOS isoform=2 mRNA &, cGMP9} 3-NT<]
&%, VASP QAbste] n A= G2 one-way ANOVAC]
o8 A=k ZF £ xfo]= LSD post-hoc test® &

A3,

& Ealo] BAA RS AT ZE A3kt p<
A

0.05 F=ellA o4& AS3ISiH:

Table 1. Effects of NO donor and SOD supplementation to Cu deficient media on in vitro embryo and yolk sac development

Cu—/Cu— Cu—/Cu— Cu—/Cu—
Cut/Cut Cu~/Cu- + NO donor + SOD + NO donor +SOD
Embryos examined (number) 86 36 33 34 32
Somite pairs (number) 323+ 01" 320+ 0.2 321101 321 +0.2 321 +0.1
Crown-rump length (mm) 4.4+ 0.0 43 +0.1 4.4+ 0.0 43 +0.1 43 +0.1
Developmental score 41.9 + 0.4 39.8 +0.9° 423+ 0.3 40.7 + 0.6™ 39.8 +1.1°
Percentage of embryos with one or more 24.4° 77.8° 36.4° 61.8™ 43.8
embryo or yolk sac anomalies (%)
Percentage of embryos with one or more 14.0° 63.9° 15.2°¢ 38.2¢ 31.3%
yolk sac anomalies (%)
Abnormal vascularization (%) 12.8% 58.3" 15.2%° 29.4° 25.0°°
Blood pooling (%) 9.3% 36.1° 12.1*° 23.5% 12.5%
Blood islands (%) 35" 25.0" 0° 14.7°° 9.4*
Percentage of embryos with one or more 4.7 22.2° 3.0 11.8% 9.4
heart anomalies (%)
Abnormal/swollen heart (%) 0* 8.3" 0> 2.9% 0>
Pericardium effusion (%) 4.7° 16.7° 3.0 8.8 9.4
Percentage of embryos with one or more 10.5" 41.7%° 21.2%¢ 50.0° 34.4%°
brain anomalies (%)
Forebrain hypoplasia (%) 1.2° 2.8% 3.0 11.8° 3.1
Microcephaly (%) 2.3% 8.3% 3.0 2.9% 12.5°
Hindbrain distension (%) 4.7° 11.1% 9.1%° 20.6° 3.1°
Open anterior neuropore (%) 1.2° 13.9° 3.0 17.6° 15.6°

1) Mean + SEM

2) Values with different superscripts within a parameter are significantly different at p <0.05
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Aol et wjote] dol= 7b gk oA Q1 Apo] 7t
Ao, e A9 o= Tt B wotel vlE] W
g A peb H W] W o] s BT (Table 1).
.E_g] }Jx} 34 1/]—321-40] :,La @;ﬂoﬂ o]3H 7}7@)} = Oﬂtﬂ:__
werl, Table 1648} o] thofsh oFde] W o8& 1
9ot 2] A3 ulo}e] abnormal/swollen heart, perica-
rdium effusion, open anterior neuropore?] =& oAk Hl
=9} g 43 vl n)AgArA e A3 , blood po-
oling@} blood islands®] EA1¢] W% o)zl vldl]
oA o % E9ktt (Table 1).
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Table 2. Nitric oxide (NO) concentrations in conditioned medium
after 2 hrincubation of in vitro Cu adequate (Cu+/Cu+) and
Cu deficient (Cu—/Cu—) embryo and yolk sac in the presence
or absence of a NOS inhibitor (L-NMMA; 10 mM). NO concen-
trations are expressed as nmol NO/mg protein

Cu+/Cu+ Cu—/Cu—
Embryo
L-NMMA 0.18 + 0.04" 0.23 + 0.07
Untreated 5.05 + 0.98 3.59 + 0.24*
Yolk sac
L-NMMA 0.61 + 0.17 0.42 +0.18
Untreated 13.71 £ 0.90 7.90 £ 0.32%

1) Mean * SEM (n = 6—10/group)
2) x: p<0.05 compared to Cu+/Cu+ controls
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24 HHOPi?Jr wahdo] NOS FHAIQL ofAE 2= o]
EHSH ) Z273 o2 dose-responses 7HAIEA|S Lolbn
71 94, 10 nM, 100 nM, 1 M, 10 M, 100 M, 1
mM, 10 mM, 100 mM2] opHeE2E nfjoflio] 747}0}
ATk 2417 ek = e BE Ao 25 E NO 5%
£ 73 A= opAldEHof| et dose-response cur-
ves AASIlaL, T2 A3 vioksl wEldo] tizatel v
g obE el tist ad WS TRt s B

oA Flg~ 1.

Nitirc oxide synthase isoforms2 mRNA ¥

Realtime RT-PCRell 2J3F 3702] NOS isoform®] mRNA
a2 Ak nNOSEFINOS mRNA &S 7F #7F &
oAl apo)7F et (Fig. 2). 18, 78] 243 =hd
9] eNOS mRNA 32 tz7tol nlsl] 940 Wik
Nitric oxide donor % SOD A=t 72| HE Hjopo| &
S HS gt wl| OA= g%

T2 A9 wjekdo] NO donor?! DETA/NONOateS
2ot A7 2] A9 wjoke}l dEbde] g o) Wk
g Ao FEo R FoHo R 7AE T (Table 1).
Table 194 Ho]x= ul9} 7o) NO donorel 93t /AL
e 2 Bnk ople} W, A, W T i o)k
A RN E FEEF A, Fig. 3el4 Boli= vkel o] NO
donor7} 3718wk wiekd 2] Ag wiolel W3}
161-_8_ :’La Xﬂ/\l-:rqu_ 0/\}_5]_ H]—]j— aEHE. Eoﬂr/}, CU-ZH
SOD 7= NO Z7tel] vl s 72 AEsE B

12 - Embryo

—e— Cu+/Cu+
—0— Cu—/Cu—

nmol NO/mg protein

0 T T T T T T T T

10nM 100nM 1uM 10uM 100 uM ImM 10 mM 100 mM

Acetyicholine

30 Yolk sac

—e— Cu+/Cu+

25 4
—0o— Cu—/Cu—

20

15

10

nmol NO/mg protein

0 T T T T T T T T
10nM 100 nM 1uM 10uM 100 uM 1mM 10 mM 100 mM

Acetyicholine

Fig. 1. Nitric oxide (NO) concentrations in conditioned medium from single cultured Cu adequate (Cu+/Cu+) and Cu deficient
(Cu—/Cu-) embryo and yok sac in response to increasing concentrations of the NOS agonist, acetylcholine. Values are expressed

as mean + SEM (n = 3—8/group).
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Cyclic GMP &%

T 43 vjole] cGMP % (0.13 £ 0.02 pmol cGMP/
mg protein, n = 6)+= &7 (0.23 = 0.03 pmol cGMP/
mg protein, n = 6)°f H|&| W2 A&S B oL FAH
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Fig. 2. Quantification of neuronal nitric oxide synthase (nNOS),
inducible NOS (iNOS), and endothelial NOS (eNOS) mRNA trans-
cript levels by real-time RT-PCR in GD 8.5 Cu+/Cu+ and Cu—
/Cu— yolk sacs after 48 hr culture. mRNA expression of each NOS
isoform was normalized to 18S rRNA and expressed as fold change
relative to Cu+/Cu+ controls (n = 5/group). *: p <0.05 compared
to Cu+/Cu+ controls.

Fig. 3. Effects of NO donor supple-
mentation to Cu deficient media
on in vitro embryo and yolk sac
development. Cu adequate emb-
ryo (A) and yok sac (D) cultured
in Cu adequate medium (Cu+/
Cu+) show normal development.
Cu deficient embryo (B) cultured in
Cu deficient medium (Cu—/Cu-)
exhibits hemorrhages and hindbr-

ain distension. Cu—/Cu— yolk sac
(E) shows typical anomalies inclu-
ding reduced vascularization and
the presence of blood pooling.
When Cu—/Cu— embryos and yolk
sacs were cultured in Cu deficient
medium supplemented with NO
donor (Cu—/Cu— + NO donor), the
incidence of embryo (C) and yolk
sac (F) abnormalites was marke- Q G G
dly reduced.

O % FoAQl Afoli= HolA| gkt g AY e
cGMP % (0.20 £ 0.05 pmol cGMP/mg protein, n =
e tzEzT (0.42 £ 0.07 pmol cGMP/mg protein, n =
7)ol vla] o)A ow Wbtk (p = 0.037). 72 A v
FHe €] NO donor®] 7= 7 23 wioks}t Tl
cGMP %5 FA4g g Al vl fo8os &
ZIAIFETE (o} 0.42 £ 0.12, ¥3d 0.77 £ 0.23 pmol
c¢GMP/mg protein; n = 6~7; 22 p=0.028, p = 0.031
versus TAE 7 2H1).

Phosphorylation of VASP at Serine 239

T2 A3o] NO/cGMP a9 ANz dGAA 340l d%
£ ux=A2 dolr 7] 9, VASP 2399 serineol A
9] QIAkg} (P-VASP)E western blottingel]l &3] =4 3a}
th 2 AdelA ARgE 2§ DA wljo} (Fig. 4A)
wehd (Fig. 4B) o4 VASP3} P-VASPL =74 75
oz HdHY. 18y, T2 F3 7} NO donor 3
7= P-VASPO ol &S wAA dsktt (Fig. 40).

3-nitrotyrosine S

T2 AY viore} dEhde tiztol vlal] 27 57%<}
79% F7VE F29 3NT v52 B3ou, 1 k= %
Ao Z FoHolx] ettt (Fig. 5). NO donor 7=
3NT skol Fe&Fe mXA &3tk

o xg

i

089 A7 oA} mang el gol, 2 A A vl
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Fig. 4. Phosphorylation status of VASP at serine 239 in cultured
Cu adequate (Cu+/Cu+; +/+), Cu deficient (Cu—/Cu—; —/-),
and Cu deficient with NO donor supplementation (Cu—/Cu— +
NO donor; —/— NO) embryos (A) and yolk sacs (B). Cell lysate of
human umbilical vein endothelial cells induced with vascular en-
dothelial growth factor was used as positive control (PCp.vase).
(C) Phospho VASP (Ser 239) was normalized to VASP expression
and values are expressed as mean + SEM (n = 5—6/group).
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Fig. 5. 3-nitrotyrosine concentrations in cultured Cu adequate
(Cu+/Cu+), Cu deficient (Cu—/Cu-), and Cu deficient with NO
donor supplementation (Cu—/Cu— + NO donor) embryos and
yolk sacs. Values are expressed as mean = SEM (n = 5—6/group).
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